A polarimetric fibre laser sensor with narrow polarization mode beat frequency bandwidth is demonstrated using a polarization-maintaining Er-doped fibre. The slope coefficients of 124 kHz ~ -1 cm -1 and 137 kHz #m -~ are obtained for temperature change and longitudinal strain measurements, respectively. A new configuration of polarimetric fibre laser sensor is also demonstrated using a conventional Er-doped fibre as a gain medium and a short length of polarization-maintaining fibre as a sensing part.
Introduction
Rare-earth-doped fibre lasers have been investigated mainly as optical sources in fibre-optic systems. Recent studies on fibre lasers show the possibilities of using them as fibre-optic sensors with the output in the form of lasing wavelength change [1] [2] [3] [4] or polarization mode beat frequency change [5, 6] . In our previous work, Nd-doped polarimetric fibre laser sensors were demonstrated where the beat frequency between two orthogonal eigenpolarization modes of the fibre laser has a linear dependence on external perturbations. Since the output of the sensor is in the frequency domain, the complicated electronic signal processing needed for conventional fibre sensors can be eliminated. The use of polarization-maintaining laser fibre was essential for the stability of the eigenpolarization directions and the improved sensitivity of the cavity birefringence to the external perturbations [6] . To reduce the linewidth of the polarization mode beat signal for better resolution, a 90~ splice was introduced in the middle of the laser fibre. In this way, the net birefringence between the two eigenpolarization modes was minimized, resulting in a narrow spectral linewidth of the polarization beat note. Another laser parameter that can be controlled to narrow the beat note spectrum is the linewidth of the optical spectrum of the laser as suggested in [6] .
Er-doped fibre lasers exhibit a relatively narrow spectral linewidth since their spectral gain is mostly homogeneously broadened [7, 8] . Fibre laser sensors utilizing intracore Bragg grating mirrors in Er-doped fibre lasers [9] can have extremely narrow optical spectrum linewidth, but their polarization behaviour may be complicated owing to the polarization properties of the grating mirrors. In this paper a polarimetric fibre laser sensor with a narrow optical linewidth is demonstrated using a polarization-maintaining Er-doped fibre and dielectric mirrors. We also demonstrate a new configuration for polarimetric fibre laser sensors that uses conventional rare-earth-doped fibre as a gain medium and a very short section of polarization-maintaining fibre as a sensing element. This approach provides a simple way of constructing a fibre laser sensor with readily available components.
Experiments and results
Polarization-maintaining Er-doped fibre was used to construct a fibre laser by gluing dichroic mirrors at the ends of the laser fibre, as shown in Fig. 1 . The fibre had normalized birefringence of ~ 4.9 x 10 -4, second-mode cutoff frequency of about 1.01/~m, and doping concentration of about 150ppm. An Ar + laser (A =514.5nm) was used to pump the fibre laser and the threshold pump power was about 30 roW. The linewidth of the optical spectrum was about 0.15 nm centred at 1557nm, which was narrow compared to about 10nm for Nd-doped fibre lasers. Two 3.45-m-long sections of the laser fibre were spliced to form a laser cavity with 90 ~ rotation of the birefringence axes at the mid-point in order to minimize the bandwidth of the polarization mode beat signal. The spacing between adjacent longitudinal modes was 14.9 MHz. The bandwidth of the polarization mode beat signal was measured to be about 30 kHz, which was similar to that of the longitudinal mode beat signals. The bandwidth corresponded to the minimum detectable differential phase shift of 0.36 ~ between the eigenpolarization modes. This is a significant improvement from the previous case of Nd-doped fibre laser sensors [6] , where the sensitivity Strain (~tm) Polarization mode beat frequency change vs applied temperature change and strain.
corresponded to 6 ~ of differential phase shift. Using a low-pass filter with cutoff frequency of 1 MHz after the photodiode, the polarization mode beat signal waveform could be observed on the oscilloscope (Fig. 2) . The magnitude of the polarization mode beat signals fluctuated much more than that of the longitudinal mode beat signals.
The response of the fibre laser sensor to temperature change and strain was measured. The temperature change was applied to a 27-cm-long section of the fibre that was immersed in a hot-water bath. A linear relationship with a slope of 124kHz ~ -1 cm -1 was obtained as shown in Fig. 3a . For the strain measurement, a 55-cm-long section of the fibre was elongated, which changed the polarization mode beat frequency with a slope of 137 kHz #m -1 as shown in Fig. 3b . These results correspond to 1.53 deg ~ -1 cm -1 and 1.69 deg/zm -x of differential phase shift, respectively, between the two polarization modes for single pass of the light along the laser fibre.
A new type of fibre laser sensor was constructed using a commercially available Er-doped fibre spliced to a short section of conventional polarization-maintaining fibre for a sensing element (Fig. 4) . The orientation of birefringence axes in the non-polarization-maintaining fibre can change easily under external perturbations, which complicates the situation. In order to stabilize the directions of eigenpolarizations in the laser cavity, the Er-doped fibre was wound around a cylinder that the bending-induced birefringence axes align with those of the polarization-maintaining fibre. The Er-doped fibre (provided by BT Laboratories) has the second-mode cutoff wavelength of 1.3#m, and doping concentration of about 500 ppm. The diameter of the cylinder was 3.5 cm. The orientation of birefringence axes of the polarization-maintaining fibre was arranged such that the net birefringence of the fibre laser cavity was minimum. With a 1.6-cm-long polarization-maintaining fibre section, the optical path-length difference between the two eigenpolarization components was estimated to be 9.4 #m, which could be reduced further by shortening the length of the polarizationmaintaining fibre. The total fibre length in the laser cavity was ll8cm, resulting in a longitudinal mode spacing of 87 MHz. It was experimentally verified that the directions of the eigenpolarization modes coincided with those of the birefringence axes of the fibre laser cavity. The minimum linewidth of the polarization mode beat signal was a few tens of kilohertz. To measure the temperature dependence of the polarization mode beat frequency, the polarization-maintaining fibre section was mounted on a copper block whose temperature could be varied. A thermocouple was also attached to the copper block to monitor the temperature change. The experimental results are shown in Fig. 5 , demonstrating a linear relationship with a slope coefficient of about 867kHz~ -1 cm -1. This corresponds to 1.79 deg ~ -1 cm -1 of differential phase shift between the two eigenpolarization modes for single pass of the light through the sensing fibre.
Conclusion
A polarimetric fibre laser sensor utilizing an Er-doped polarization-maintaining fibre is demonstrated. Temperature change and longitudinal strain were measured with the slope coefficients of 1 2 4 k H z~ -1 c m -1 and 137kHz#m -1, respectively. The polarization mode beat signal was observed on the oscilloscope. A new type of polarimetric fibre laser sensor was constructed using a conventional Er-doped fibre as gain medium and a short section of polarization-maintaining fibre as a sensing part. Bending-induced birefringence was utilized to stabilize the orientations of eigenpolarization modes. Temperature change in the sensing fibre was measured with a coefficient of 867 kHz ~ cm 1.
